We report on a simple strategy for the direct synthesis of a thin film comprising interconnected NiO nanoparticles deposited on both sides of a graphene sheet via cathodic deposition. For the co-electrodeposition, graphene oxide (GO) is treated with water-soluble cationic poly(ethyleneimine) (PEI) which acts as a stabilizer and trapping agent to form complexes of GO and Ni 2+ . The positively charged complexes migrate toward the stainless steel substrate, resulting in the electrochemical deposition of PEI-modified GO/Ni(OH) 2 at the electrode surface under an applied electric field. The as-synthesized film is then converted to graphene/NiO after annealing at 350 • C. The interconnected NiO nanoparticles are uniformly deposited on both sides of the graphene surface, as evidenced by field emission scanning electron microscopy, transmission electron microscopy and energy dispersive spectrometry. This graphene/NiO structure shows enhanced electrochemical performance with a large reversible capacity, good cyclic performance and improved electronic conductivity as an anode material for lithium ion batteries. A reversible capacity is retained above 586 mA h g −1 after 50 cycles. The findings reported herein suggest that this strategy can be effectively used to overcome a bottleneck problem associated with the electrochemical production of graphene/metal oxide films for lithium ion battery anodes.
Introduction
Due to its superior electronic conductivity, structural flexibility and chemical stability, graphene, a new type of two-dimensional carbon material, represents an advanced material that promises to find use in lithium ion batteries (LIBs) [1] [2] [3] . However, the irreversible aggregation and restacking of graphene sheets, which lead to changes in its intrinsic chemical and physical properties during the reduction process, are problems that limit its practical applications [4, 5] . To circumvent this, graphene-based composite materials, including transition metal oxides such as SnO 2 [3] , Co 3 O 4 [6] , NiO [7] and Fe 2 O 3 [8] have been exploited for use as anode materials for LIBs. The incorporation of metal oxides into graphene layers could reduce the degree of stacking of graphene sheets as well as generate electron-conducting and ion-transporting pathways [9] [10] [11] . In addition, the excellent flexibility of graphene can efficiently buffer the volume expansion associated with the Li charge/discharge process [9] [10] [11] . Graphene/metal oxide composites are typically prepared by the thermal or chemical reduction of graphene oxide (GO) and metallic precursors [6] [7] [8] . However, the above-mentioned methods obviously involve highly toxic chemicals or high temperatures and, moreover, multiple steps are required. Consequently, a more efficient process that includes a shorter processing time and a simplified setup for production is needed. Electrodeposition is an effective technique that is used for the synthesis of metal oxide thin films, in which the thickness, density and morphology can be easily controlled by adjusting the applied current, bath chemistry and temperature [12] [13] [14] . Such an electrochemical method has recently been used for the synthesis of graphene and graphene-based metal oxide films, and has been found to be a simple and easily used tool [15] [16] [17] [18] [19] [20] [21] . However, most of the currently proposed methods typically involve two steps. A GO textile electrode is first prepared by a coating process such as dip-coating, drop-casting or spray-coating. This is followed by an electrochemical synthesis with a metallic precursor that is achieved by simply dipping the graphene textile electrode into a precursor solution and subsequently performing electrodeposition. As a result, metal oxide nanoparticles are mostly located on the surface of the graphene textile electrode, resulting in an increase in the degree of stacking of graphene sheets [15] [16] [17] [18] [19] . More importantly, in the case of the co-electrodeposition of graphene/metal composite, it is necessary to use negatively charged metallic precursors [20, 21] . The cationic metallic precursors could presumably act as cross-linkers due to their tendency to bind readily to the oxygen functional groups of GO, leading to the precipitation and agglomeration of GO in the solution [20, 22] . To address such critical problems, our previous work demonstrated that the modification of GO by treatment with poly(ethyleneimine) (PEI) is a reliable method for coexisting and chelating with positively charged metallic precursors, and also makes it possible to simultaneously synthesize graphene/metal oxide thin films [23] .
Graphene/NiO is one of the promising anode materials for use in LIBs due to its extra high capacity compared to pristine graphene and NiO electrodes [7, 24, 25] . However, like other conversion-based anode materials, its practical application to LIBs is greatly restrained by detrimental effects related to its structural and electrochemical properties upon cycling because of the non-intimate contact between graphene layers and NiO nanoparticles, which would lead to a loss of electrical contact and subsequent capacity fading. In addition, the process of fabricating electrodes continues to be both time-consuming and labor-intensive. Herein, we report on attempts to expand our previously reported co-electrodeposition methodology by using PEI-modified GO (PEI-GO). The developed method is very simple compared with previously reported methods for the synthesis of NiO/graphene films. Due to the ease of formation of PEI/Ni 2+ complexes with a high stability [26] , the complexation of PEI-GO and Ni 2+ ions would effectively permit migration to the substrate, which could subsequently permit the interconnected NiO nanoparticles to coat both sides of the graphene surface during the electrodeposition procedure. The as-synthesized material efficiently utilizes the combined merits of NiO and graphene, resulting in a product with superior performance with a large reversible capacity, excellent cycling stability and enhanced conductivity.
Experimental details

Preparation of PEI-GO
The GO was initially synthesized by the chemical exfoliation of commercially available graphite powder by a previously reported method [27] . First, a 0.3 g sample of GO was dispersed in 200 ml of de-ionized (DI) water by sonication for 1 h, and then transferred to a three-necked round-bottomed flask. A 0.1 g sample of PEI was added to the above solution and the resulting suspension was stirred at 60 • C for 12 h to ensure complete reaction. After cooling to room temperature, the obtained dispersion was isolated by centrifugation (15 000 rpm for 30 min) and the solid material washed with DI water three times to remove excess PEI.
Electrodeposition of graphene/NiO thin film
The electrodeposition was performed at room temperature using the WPG100 electrochemical workstation (WonAtech) with a three-electrode system. A clean piece of stainless steel foil (SS) was used as the working electrode. A Pt plate and Ag/AgCl were used as the counter electrode and reference electrode, respectively. The PEI-GO was redispersed in DI water and 0.05 M of Ni(NO 3 ) 2 and 0.075 M of NaNO 3 were added to the solution. The co-electrodeposition was performed potentiostatically at −1.0 V (versus Ag/AgCl) for 300 s. The resulting films were then rinsed with DI water to eliminate residual solvent, and then dried at room temperature for 6 h. Finally, the samples were annealed at 350 • C for 2 h under a nitrogen atmosphere. For the sake of comparison, we synthesized a pure NiO film by the same procedure without PEI-GO for 300 s.
Material characterization
The graphene/NiO films were characterized by a scanning electron microscope (SEM; Carl Zeiss., SUPRA 55VP), transmission electron microscope (TEM; JEOL, JEM-2100), energy dispersive spectrometer (EDS; Bruker, Xflash5030 detector), zeta-potential analyzer (Otsuka, ELS-Z), xray photoelectron spectroscope (XPS; Thermo, K-Alpha), thermogravimetric analyzer (TGA; Perkin Elmer, TG/DTA 6300) and x-ray diffractometer (XRD; Rigaku, D/max-2200). Electrochemical characterization was performed on a battery tester (WonA tech, WBCS3000) and an electrochemical workstation (WonA tech, ZIVE SP2) using a conventional coin cell (CR2032) assembled in an argon-filled glove box. A lithium foil and microporous polypropylene were used as the negative electrode and separator, respectively. A 1 M solution of LiPF 6 in a mixture of ethyl carbonate and diethyl carbonate (1:1 vol. ratio) was used as the electrolyte. The electrode capacity was measured by the galvanostatic charge and discharge method with a constant current density of 359 mA g −1 (0. 
Results and discussion
Scheme 1 illustrates the synthetic procedure used to prepare a PEI-GO/Ni(OH) 2 film by co-electrodeposition. Typically, individual GO sheets can be easily crosslinked in the presence of cationic metal precursors such as Ni 2+ and Co 2+ , leading to agglomeration and precipitation of the GO [20, 22] . In order to address this problem, the GO is chemically modified in the presence of PEI as a stabilizer. Because the water-soluble PEI is covalently linked to the GO sheet by the formation of amide bonds, it can be immobilized on the surface of the GO, resulting in well dispersed positively charged (∼48.3 mV) GO-based materials. In addition, molecules of PEI containing amino and imino groups enabled stable chelates to be formed with transition metal ions [23, 28] . Consequently, PEI-GO could not only coexist with cationic metallic precursors but could also play a key role in sequential complexation between GO and Ni 2+ . When the PEI-GOs/Ni 2+ complex arrives at the SS substrate, electrochemical reduction of the GO can occur under cathodic conditions, which allows electrons to be conducted to the outer layer of the graphene sheet [17] [18] [19] [20] . As a result, the nickel ions chelated at the surface of PEI-GO are easily converted into Ni(OH) 2 on the surface of the GO as suggested by the following reaction [28, 29] :
The hydroxide ion (OH − ) is produced by the reduction of NO − 3 under cathodic conditions. The generation of OH − close to the cathode increases the local pH, resulting in the precipitation of Ni(OH) 2 . The Ni(OH) 2 continues to deposit through the transport of freely moving Ni 2+ ions in the solution. Afterwards, the PEI-GO/Ni(OH) 2 film is subsequently converted into graphene/NiO by calcination at 350 • C under a nitrogen atmosphere. Thus, the synthesis of graphene/NiO can be achieved by co-electrodeposition.
The morphology of the as-synthesized films was studied by TEM as shown in figure 1. Figures 1(a) and (b) show the as-prepared PEI-GO/Ni(OH) 2 thin film before the heat treatment, from which it can be clearly seen that the Ni(OH) 2 films are directly deposited on the thin GO layer. After annealing at 350 • C for 2 h, the interconnected NiO nanoparticles are uniformly coated on graphene sheets (figures 1(c) and (d)). The existence of GO and graphene can be determined by the graphene structure with thin layers observed on the edge of the samples (arrow area in figures 1(b) and (d)).
The SEM images of electrodeposited thin films before and after the heat treatment are shown in figure 2 . The electrodeposited Ni(OH) 2 film without GO has a homogeneous dense structure which is comprised of large grains representing aggregates of small nanoscale-sized particles (figures 2(a) and (b) ). In the case of the PEI-GO/Ni(OH) 2 , the as-prepared thin film appear to be well deposited on the substrate surface, resulting in a uniform coating of a loosely packed Ni(OH) 2 nanoparticle network on the GO ( figure 2(c) ). The formation of a Scheme 1. Schematic representation of the fabrication process used for preparing PEI-GO/Ni(OH) 2 films by co-electrodeposition.
hierarchical morphology of Ni(OH) 2 nanoparticles is clearly observed. Figure 2 (d), which shows the graphene/NiO film after calcination, confirms that the interconnected NiO nanoparticles are strongly anchored to the graphene sheets. Due to high-density deposition of NiO, the graphene is not seen directly in the images. The above results strongly indicate that the PEI treatment plays a significant role in the co-electrodeposition process when cationic metallic precursors are used. In addition, the NiO nanoparticle coating layer acts as spacers on both sides of graphene surface, effectively preventing the aggregation and restacking of graphene sheets upon cycling. Consequently, this favorable structure could permit a large electrode/electrolyte contact area to be maintained.
To further confirm the distribution of graphene nanosheets, EDS mapping was employed (figure 3). The SEM image in figure 3(a) indicates that a thin layer of graphene/NiO is homogeneously deposited on the substrate. The corresponding elemental mapping of Ni ( figure 3(b) ) and carbon ( figure 3(c) ) shows that both the nickel oxide and graphene are distributed uniformly on the electrode surface. From the above result, a highly uniform graphene/NiO thin film is successfully synthesized by co-electrodeposition. In addition, it can be concluded that the PEI-GO/Ni 2+ complex would efficiently migrate to the SS substrate under the applied electric field. Moreover, well-distributed graphene sheets would play an important role as a conductive network within the deposited layers, leading to enhanced electrochemical performance.
The as-deposited films (after drying at room temperature) were confirmed to be amorphous (data not shown). phases of cubic NiO (JCPDS 47-1049), respectively [30] . This result clearly indicates that the deposited Ni(OH) 2 is converted into nickel oxide as the result of the heat treatment.
For the graphene/NiO thin film, the diffraction peak of graphene was not observed because a relatively small amount of graphene component compared with that of NiO could be electrodeposited. The existence of graphene was confirmed by EDS (see figure 3(c) ). Furthermore, the graphene content was determined to be approximately 12.7 wt%, from TGA measurement (data not shown).
XPS spectra of co-electrodeposited graphene/NiO films before and after calcination are shown in figure 5 . As shown in figure 5(a) , the appearance of a N 1s peak before the heat treatment clearly indicates that the PEI chains were absorbed onto the GO. In addition, the N 1s spectrum of electrodeposited PEI-GO/Ni(OH) 2 before calcination shows pronounced peaks at 400.6 and 399.4 eV, corresponding to -NH 2 and -NH-C=O functionalities, respectively ( figure 5(b) ) [28, 31] . Because the PEI chains contain large numbers of -NH 2 groups, it is reasonable to assume that the PEI would be grafted onto the surface of the GO by the formation of amide bonds. Furthermore, the XPS spectrum of a co-electrodeposited film after calcination confirms that the PEI chains are completely eliminated from the resulting graphene/NiO film (figures 5(a) and (b)) [23] . The electrochemical performances of the electrodeposited pure NiO and graphene/NiO thin films were evaluated using a standard coin cell. Figures 6(a) and (b) show the initial two charge-discharge curves for the pure NiO and graphene/NiO electrodes, measured between 0.01 and 3.0 V at a rate of 0.5 C (1 C = 718 mA h g −1 ). The specific capacities were calculated based on the total mass of the deposited active materials. The first discharge and charge capacities are 992 and 543 mA h g −1 for the pure NiO, corresponding to an initial Coulombic efficiency of 54.7% ( figure 6(a) ). By contrast, a large discharge capacity of 12 72 mA h g −1 and a reversible capacity of 754 mA h g −1 are achieved for graphene/NiO thin film, corresponding to an improved initial Coulombic efficiency of 59.3% ( figure 6(b) ). Although a long voltage plateau is found around 0.5 V for the both samples, which contributes to the reduction of NiO to Ni and the formation of solid electrolyte interface (SEI) film, a potential region lower than 0.5 V corresponding to the intercalation of lithium into the graphene sheet is not visible for NiO film [32] . It is apparent that uniformly distributed graphene between NiO nanoparticles has a synergetic effect. The initial drop in capacity could be largely due to the formation of SEI film on the surface of the active materials, the electrolyte decomposition and the electrochemical reduction of residual oxygen-containing functional groups on the graphene surface with lithium ions [7, 32, 33] . Figure 6(c) shows the cyclic performances of the pure NiO and graphene/NiO films at a current density of 0.5 C between 0.01 and 3.0 V. The reversible capacity of the graphene/NiO electrode is maintained at relatively high level up to 50 cycles (586 mA h g −1 ), which is a 78% retention of the initial charge capacity. The pure NiO film shows a reversible capacity of 198 mA h g −1 after 50 cycles, just 36% of the initial charge capacity. In addition, the graphene/NiO electrode exhibits an extra discharge capacity until 45 cycles ( figure 6(c) ). This result can be attributed to gradual activation within the structure of NiO deposited on both sides of the graphene sheet. After that, the structure appeared to reach a stabilized state. The rate capabilities of both electrodes were also investigated at various rates from 0.5 to 2 C ( figure 6(d) ). It is obvious that the current density has little impact on reversible capacity. However, the capacity of the NiO dropped more rapidly than that of the graphene/NiO. More importantly, when the rate returns to the initial 0.5 C after 40 cycles, the graphene/NiO electrode delivers a discharge capacity of 502 mA h g −1 , whereas in the case of bare NiO, only 234 mA h g −1 reversible capacity is observed. From the above results, the improved electrochemical performance of the graphene/NiO thin film for lithium storage could be reasonably attributed to the synergetic effects of graphene and interconnected NiO nanoparticles. The NiO nanoparticles play a key role in the effective separation and stabilization of graphene sheets, which prevent a loss of the unique intrinsic properties of graphene. Hence, the graphene not only contributed to the overall capacity but also prevent the aggregation of active materials.
Cyclic voltammetry (CV) was employed to understand the electrochemical process in graphene/NiO films in detail (figure 7). In the first cathodic scan, the observed reduction peaks at 0.21 and 0.70 V can be assigned to the formation of the SEI and the electrochemical reduction reaction of NiO [14, 34] . During the following anodic process, two peaks are located at 1.65 and 2.26 V, which can be attributed to the oxidation reaction of NiO [14, 34] . In the subsequent two cycles, the main cathodic peak potentials shift to 0.87 V. The CV curves are stable and almost overlapped, indicating the good reaction reversibility for graphene/NiO thin film. In order to further elucidate the effect of graphene as a provider of an electrical conductive network, impedance spectra were investigated for the pure NiO and graphene/NiO electrodes during charge-discharge (second and 50th cycles), and the results are shown in figure 8 . Apparently, the diameter of the semicircle for the graphene/NiO electrode is somewhat smaller than that of the pure NiO film at the second cycle, indicating the smaller surface resistance and charge transfer resistance [23, 32] . Thereafter, the impedance test at the end of 50 cycles indicated that NiO without graphene shows an increased charge transfer resistance ( figure 8(a) ). It is possible that lithium-ion conduction inside the SEI layers and charge transfer at the electrode/electrolyte interface is hindered by the increase in internal defects and isolated active regions due to the volume change and subsequent microstructural failure during continued cycling [32, [35] [36] [37] . In contrast, the semicircle, corresponding to the graphene/NiO film, shows extremely low charge transfer resistance after 50 cycles ( figure 8(b) ). This behavior indicates that the NiO nanoparticles deposited on the graphene surface are favorable for the formation of thicker SEI film [37] . The graphene/NiO structure appears to reach a stabilized state, which is consistent with the observed extra capacity of the graphene/NiO electrode for up to 45 cycles ( figure 6(c) ). In addition, to confirm the structural integrity of the as-synthesized films, the evolution of the morphology and structure of NiO and graphene/NiO were investigated after 50 cycles, as shown in figure 9 . The SEM image of the NiO film clearly shows that the deposited NiO suffers from severe cracking and subsequently deteriorates, with the film being peeled off from the substrate ( figure 9(a) ). In contrast, the graphene/NiO retains its structural integrity with only a slight deformation ( figure 9(b) ). The above results are consistent with the development of a synergistic effect as the result of the NiO deposited on graphene, which leads to an improved electrochemical performance. The highly conductive graphene and interconnected NiO nanoparticles facilitate continuous conductive pathways for electrons and provide a sufficient electrolyte contact area, resulting in the formation of a stable SEI layer. Moreover, the unique structure of the electrodeposited graphene/NiO film can effectively maintain its structural integrity by accommodating the pulverization of active materials during the cycling process.
Conclusions
In summary, based on the finding that chemically PEI-GO can be co-electrodeposited with positively charged metal precursors under cathodic conditions, the one-step synthesis of interconnected NiO nanoparticles that are uniformly electrodeposited onto a graphene surface is successfully demonstrated. The resultant thin film can be directly used for a LIB anode material. The reversible capacity and electronic conductivity of the graphene/NiO are significantly improved. These enhancements result from the synergistic effect of the graphene, which can assist electron transport and participate in the lithium storage process. We conclude that co-electrodeposition, when used in conjunction with PEI-GO, can result in enhanced electrochemical properties of the transition metal oxide for LIB anodes.
